THIS paper contains an account of an investigation into several features of the innervation of the teeth. It will deal mainly with the morphological and experimental sides of the problem, but will include also some preliminary findings which have been obtained during an inquiry into the sensibility of the teeth.
(1) THE FIBRES OF MUMMERY.
During the last few years several papers on this subject, with descriptions of the literature, have been read before this Section by such able authorities as the late J. Howard Mummery and Professor Hopewell-Smith. It is therefore unnecessary to give a further account here of the work tlat has already been done. It will be advisable however to consider briefly the opinions of the two above-mentioned investigators. The late Mr. Mummery described a system of non-medullated fibres, which arise from the medullated nerves of the pulp and form the plexus of Raschkow. Immediately below the odontoblasts he found a series of nerve cells, which at their central ends are connected by synapses with fibres of the plexus of Raschkow, while their peripheral ends are drawn out into long fibres which pass through the odontoblast layer to enter the dentinal tubules and end near the dentinoenamel junction. Previously to his finding the nerve cells, Mummery described the fibres which run into the -entine as arising directly from the plexus. Professor Hopewell-Smith was unable to accept Mummery's resuilts and did not consider that the fibres and cells were of nervous origin. He himself holds the view that the nerves end in a basket-like formation around the odontoblasts, without entering the dentine.
This was the position of the problem when the present investigation was commenced. As two eminent authorities held such diametrically opposite views, it appeared advisable for some independent observer to repeat Mummery's experiments in order either to confirm or refute his results.
The members of this Section will recall that in his earlier work Mummery, among other methods, employed Beckwith's gold chloride stain to demonstrate the nerve fibres. Later he devised a modification of that method by which he was able to stain pieces of teeth in bulk, and it was by this method that he was able to detect the nerve-cells. In repeating this auithor's experiments his earlier technique, by which he discovered the fibres, was carefully followed, and in the first part of this investigation decalcified sections of newly extracted human teeth were stained by the Beckwith method. On examination these preparations were found to have the dentine stained red, and the odontoblasts pink; among the latter were black fibres exactly similar to those described by Mummery. Fig. 1 illustrates most of the characters of these fibres which their discoverer noted and fully described. It will be seen that some of the fibres are distinctly beaded, a feature to which Mummery attached great importance as being typical of non-myelinated fibres. Others show the markedly wavy appearance which was also observed by that worker. Most of them seem to start immediately internal to the odontoblasts in the region of Raschkow's plexus, which is not seen in this photograph.
Some of the fibres can be traced inwards towards the centre of the pulp, but I was never able to establish a connexion between them and the medullated nerves.
In this specimen the fibres end suddenly, as if sharply cut off, at the dentinal margin, and the appearance suggests that in a favoutable section they might enter 56 Stewart: Some Aspects of the Innervation of the Teeth   KEY TO LETTERING OF ILLUSTRATIONS. D., dentine; F.M., fibres of MummeLy; N.B., nerve bundle; 0, odontoblasts; R.P., plexus of Raschkow. 58 Stewart: Some Aspects of the Innervation of the Teeth the dentine. It is not possible to show that they actually do so in this case, but in one specimen they were traced into the dentine. The fibres do not give off sidebranches to the odontoblasts, and in some of AMr. Mummery's photographs the same lack of branching will be observed.
In fig. 2 several features of the fibres which have already been mentioned will be seen, and in addition the plexus is also present.
A feature of the fibres of Mummery which that author noted is their elasticity.
During the preparation of specimens it frequently happens that a portion of the pulp is torn away from the dentine, leaving a gap which is bridged over by the fibres.
These are seen to be under tension, as they are now quite straight instead of wavy, and the beaded appearance is more conspicuous than usual. This condition has been found frequently during the present research, and an example of it is shown in fig. 3 . The Beckwith method was used for staining the teeth of several mammals (monkey, cat, dog, hedgehog, sheep, guinea-pig and rabbit): in every case the fibres of Mummery, showing their characteristic features, were found. An example from the guinea-pig is shown in fig. 4 . It will be necessary to return to the subject of the rabbit and guinea-pig's teeth, as their innervation was somewhat peculiar.
In the next portion of this investigation pieces of teeth were stained in bulk with Mummery's modification of Beckwith's method. This turned out to be unsatisfactory. In every case the teeth became black while in the solution, owing to a deposit from the gold forming on the specimen, and on several occasions the solution itself was precipitated. When the teeth were sectioned and examined under a microscope, in only a few were the fibres seen, and in none of them as clearly as in the original Beckwith sections. I communicated with Mr. Mummery, and afterwards had an interview with him, when he informed me that he had had considerable difficulty on account of this precipitation. On my return to Manchester I carried out a series of experiments, with different modifications of the st4in, and ultimately obtained a mnethod by which the specimens only turned yellow owing to a slight deposit of the metal. The main alterations in the technique were as follows: The strength of the gold chloride solution was raised from 1 in 5,000 to 1 in 1,000, and then acidulated by the addition of four drops of concentrated hydrochloric acid to every 100 c.c. of solution. An increase was also made in the length of time allowed for reduction. By this means it was possible to obtain sections which, although not free of precipitate, stained the fibres almost as clearly as in the original Beckwith method.
Over a thousand sections were stained by the various forms of the Beckwith method, but in none of them were any structures found which in any way resembled nerve cells. While this part of the work was being carried out Mr. Mummery very kindly sent his section containing these cells to Manchester. It was carefully examined by Professor Stopford and myself and we were compelled to come to the conclusion that there was no morphological evidence that they were of nervous origin. From these observations, and from the fact that in no otherpart of the body are end neurones found at the terminations of somatic sensory nerves, it must be concluded that there is no evidence that there are any nerve cells in the pulps of the teeth.
This conclusion, however, in no way weakened the claims of Mummery, that the fibres, which he had described, were nervous in nature. From their histological appearance one feels that he was quite justified in coming to that conclusion. It appears to me that he, of all the many workers who have attempted to show that the dentine is innervated, has brought forward the strongest evidence in favour of such a hypothesis.
For the following reasons however it became obvious that some method of approach to the problem other than the histological had to be found:-Section of Odontoloqy 59 (1) The views of Professor Hopewell-Smith that these structures are not nerves.
(2) The fact that m-letallic impregnation methods are uncertain in their action.
(3) The discovery of certain irregularities in the reactions of these fibres with other stains.
It was therefore decided that an attempt should be made to elucidate the problem by the experimental method. For this purpose it was considered that the study of the effects on the pulp, of section and degeneration of one of the dental nerves would be of great value, and would provide a new means of approach to this question.
The inferior dental nerve was chosen for this purpose, in preference to one of the sul)erior nerves, on account of its being more accessible; and as there is only one nerve to each side of the lower jaw, the risk of overlap was largely avoided. The fact that in man it lhas been found, from clinical evidences, that the nerve of one side extends over to the canine of the opposite side was borne in mind, and it was thought that fallacies due to this would be avoided by studying teeth posterior to the canine. The animal selected for these experiments was the cat. It was chosen in preference to the guinea-pig and rabbit on account of certain peculiarities in the nerve supply to the dental pulps of these animals.
In carrying out the section of the nerve the oral route was the one selected. During the operation the anesthetic was given through a catheter passed into the trachea, which obviated any difficulty in the administration while the operation in the mouth was being performed. In every case the left nerve was divided, and this was reached by an incision about an inch long, the lower part of which passed through the mucous membrane, at the back of the floor of the mouth, just internal to the mandible, while the upper part extended for a short distance upwards, towards the palate. After the incision had been made the first structure encountered was the litngual nerve, which was traced backwards to just behind the anterior border of the internal pterygoid muscle-, where it joined the lingual nerve. The latter was now exlposed for about j inch just before it entered the mandible, separated from its accompanying artery, raised from its bed by means of a hook, and divided with a pair of sharp-pointed scissors. The wound was closed with a continuolus suture and I)ainted with collodion. In performing this operation it is essential to have a clear view of the field, and a head light is absolutely essential.
If the nerve is sought for in the way described above there is little hamorrhage, but if an attempt be made to approach it directly there is a risk of going too far back, when troublesome bleeding will be encountered from branches of the internal maxillary artery, and the risk of sepsis will be greatly increased in consequence.
Three cats were killed two, three and four weeks after operation respectively, and in each case the nerve was found at post-mortem examination to have I)een successfully divided. This was confirmed by staining the nerves on both sides with Marchi, when the ieft inferior dental nerves were found to be completely degenerated, while those from the right side were quite normal.
The teeth p)osterior to the incisors from both sides of the lower jaws of the three animals were fixed and decalcified in the usual way, and cut into sections with a freezing microtome. The sections were then stained by the Beckwith method. They were now examined and, as can be seen in figs. 5 -8, it was found that in every case the fibres of Mummery were present and equallv abundant on both sides. In fact there were no histological points by whiclh the sections of one side could be distinguished from those of the opposite side. The results of these experiments were, I must confess, somewhat unexpected, as the histological appearance of the fibres had left little doubt on my mind that they were of nervous origin.
We will now consider what conclusions are to be drawn from these experiments. They show that Mummery's fibres are not the terminations of the inferior dental nerve. This, however, does not completely exclude the possibility of their being of . . nervous origin, as it might be argued that they formed part of a terminal neurone, or came from the peri-arterial sympathetic plexus around the inferior dental artery. In regard to the former argument we have already seen that there is no evidence of the existence of such a neurone, therefore there is no need to discuss this hypothesis in further detail. The question as to whether these fibres may not arise from the sympathetic system cannot at present be definitely settled, with the evidence at our disposal. It is unlikely that the peri-arterial plexus is large enough to supply so many fibres to the different teeth. As it is probable that the plexus receives reinforcements at intervals from the inferior dental nerve, section of that nerve will further diminish the size of the plexus, and thereby make it very difficult to believe that the plexus can be the source of such a large number of fibres. To settle the matter finally, however, it will be necessary to cut both the artery and nerve at the same operation, and it is my intention to do this at an early date.
Attention should be drawn to the fact that these experiments in no way exclude the possibility that the dentine is innervated directly either from the pulp or periodontal membrane. In a later section of this paper certain evidence will be produced which tends to suggest the dentine may receive a nerve supply from the latter source.
(2) THE INNERVATION OF THE TEETH OF CONTINuOus GROWTH.
In the first portion of this paper it was possible to present results which led to definite conclusions. In the two remaining parts this will not be possible, and the matter contained in them is essentially of a preliminary nature. I am, however, submitting these results for the consideration of the members of this Section, as I hope to receive, especially in regard to the last part of this contribution, suggestions from clinical experience which will be of assistance to me in my future work on these problems.
It is well known that in the pulps of the normal type of mammalian teeth bundles of medullated fibres pass upwards from the root towards the crown, with a course more or less parallel to the long axis of the tooth. Pulps from the teeth of the different animals mentioned earlier in this paper were stained with osmic acid, and cut into serial sections with a view to tracing the arrangement of the bundles.
When these were examined a curious fact was noted: it was found that in the rabLit and guinea-pig the pulp-tissue did not contain any medullated fibres. This appeared to be a point of some interest, which, as far as could be gathered from a study of the literature, had not been noted previously. It was therefore decided to examine the specimens more closely, when it was found that although there were minor differences in the relationships of the nerve to the pulp, the general arrangement was fairly constant.
In sections taken from the lower part of the root, nearest to the growing end of the tooth, the nerve bundle or bundles lay in close proximity to the pulp. It will be noticed, however, that in the pulp tissue itself there are no signs of any medullated nerves. As the sections are traced upwards towards the crown the nerve bundle gradually increases in size, and then disappears, and only the pulp tissue remains. The idea suggested from an examination of the serial sections is that the nerves lose their medullary sheaths and then pass into the pulps at different levels as nonmedullated nerves. This is, of course, purely a tentative suggestion, as osmic acid does not show up non medullated fibres. It is hoped, however, to settle this matter by staining specimens with suitable reagents, so as to demonstrate the fibres if they are present.
The final solution of the problem would be of considerable academic importance, as several workers have claimed that they have traced the nerve fibres in these animals, either into the dentine or to the outer margin of the odontoblasts. It would, therefore, be interesting to know the manner in which these fibres, if they are plresent, enter the pulp.
(3) THE SENSIBILITY OF THE TEETH.
If the literature relating to the innervation of the teeth be studied, it will be found that relatively little attention has been paid to the response of the teeth to the various forms of sensation other than pain.
Amiiong the earlier workers, Hunter [71 and Charles Bell [1] believed that the dentine was insensitive to pain, and that its apparent response to stimuli was due to mechanical impulses which were transmnitted to the pulp. Duval [4] and Thomas Bell [2], some years later, independently brought forward a number of clinical observations which showed that the dentine itself was actually sensitive to pain. This has been the generally accepted view since that time.
Peaslee [9] mentions that the teeth are able to detect various formiis of pressure, and that they are able, to a certain extent, to localize such stimuli. Frankel [5] in 1871 pointed out that this power of localization was due to the nerves of the periodontal membrane, and that it was still present after the removal of the pulp. Black [3] clearly perceived the difference between the functions of the nerves of the periodontal membrane and those of the pulp. He states that the sense of touch resides wholly in this tissue, which responds to the slightest pressure, while the pulp always gives a painful response to whatever form of stimulus is applied to it. Woods [10] states that there is probably a considerable amount of tactile sensation in the teeth, over and above the sense of pressure. He adds, however, that a pulpless tooth has much less power of discrimination than an intact one. This implies, although he does not say so, that the pulp contains tactile fibres. Noyes [8] draws attention to the response of the tooth to pressure and describes the following experiment:-'Lightlv touch the surface of the enamel and the patient will tell at once not only which tooth is touched, but whether a steel or wooden point or some soft material was used. If, however, the finger is placed upon a surface of the tooth and firm pressure made in one direction, the contact of the point will not be recognized." This phenomenon he explained as being due to slight movements of the teeth stimulating the periodontal membrane.
These are the more important references which have been found on the subject of the sensibility of the teeth. They clearly show that the nerves of the pulp are mainly responsible for the conduction of pain, and those of the periodontal membrane for pressure.
During recent years our knowledge of the functions of the peripheral nerves of the body has been greatly increased by work of Head, Stopford and other investigators. Standard quantitative tests have been evolved by which it is now possible to compare the sensibility of different regions of the surface of the body. These tests also enable us to study the changes which take place when the nerve supply to any area is deranged. At the same time, errors of technique, which are liable to cause fallacies, have been noted and corrected.
It was thought that by applying these methods to the teeth information might be obtained which would throw some light on the innervation of these organs. Pressure-sense was the one chosen for investigation, and in regard to this two points AU-OD 2 * Stewart: Some Aspects of the Innervation of the lTeeth were examined: (1) The minimal amount of pressure required to obtain a response in the teeth. (2) The ability of the teeth to localize pressure stimuli.
The experiments were carried out on medical and dental students, and a few of my colleagues on the staff of the Manchester Medical School. The ages of the subjects varied from 18 to 29, except in one case where the age was 40. In the minimal pressure experiments the incisors and canines of both jaws were tested; in each case the centre of the labial surface of the tooth was the point touched, and in the localization experiments the incisors only were used.
It is unnecessary to go into details of the methods used in studying the minimum pressure which the teeth can detect. As far as practicable every precaution was taken to prevent errors arising from faults in technique. One difficulty could not be surmounted. It was impossible at the time to obtain a properly calibrated set of von Frey's hairs. In place of this an aesthesiometer had to be substituted. Head [61 has pointed out that this instrument is not as satisfactory as von Frey's hairs, as it is difficult to calibrate and liable to give varying readings. It was not therefore to be expected that the quantitative results of any great accuracy would be obtained, but it was hoped that qualitative differences of interest would be found. The quantitative results obtained from 260 teeth varied between 7 and 50 gm./mm.2; three-quarters of these results, or 195, fell between 16 and 32 gm./mm.2: of these 195 teeth, 87 or a third of the total number fell between 17 and 21 gm./mm.. It is believed that these results are too low on account of the roughness of the calibration, but they show that the teeth are at least moderately sensitive to such stimuli.
The qualitative differences noted were slight. Age and sex seemed to make little difference. Subjects examined in the afternoon had a higher minimum than those examined in the morning; this was possibly due to their being slightly more fatigued. The different incisor teeth gave similar results, but the canines were rather higher than the average. Only a few pulpless teeth have been examined, far too few from which to generalize upon, but as far as could be judged there was little difference between them and normal teeth.
In the localization experiments eight different spots were chosen and examined. The results were recorded with the aid of plaster models of the teeth and a chart. As soon as a point is touched its position is noted on the chart, the subject then points out on the model the spot where he thinks the pressure has been applied, and this point is also noted on the chart. This method was adopted to avoid the errors which arise from letting the patient indicate on his own teeth the point touched. In Henri's original method, as quoted by Head, a chart was used. Head found that this was unsatisfactory, on account of the difficulty of depicting a solid object in two dimensions. To get over this difficulty in his experiments on the hand he used the similar hand of another person as an indicator. In the experiments on teeth the objections to a chart apply even more strongly; and plaster models were substituted. They proved quite satisfactory, but certain precautions are necessary. The subjects tested must have some knowledge of the anatomy of the mouth or errors due to ignorance will creep in. There was also a tendency among medical students to confuse the two sides of the model, and to mistake the mid-line of the lower jaw. To overcome the first error, it was pointed out to the subject that such a mistake might occur, and to avoid the second a line was drawn between the central incisors of both models.
On the completion of the experiments, the results for each tooth were plotted on separate charts. By this means it was possible to compare the different points at which various subjects localized pressure stimuli which had been applied to the same spot in each case. A typical example is shown in fig. 9 . It will be noticed that many of the points are closely grouped around the stimulated spot, and that the majority of the subjects have been able to localize with a reasonable amount of success.
The conclusions that can be drawn from these experiments are necessarily tentative. It is obvious, however, that the response of teeth to pressure is fairly acute. The little evidence which we have from pulpless teeth suggests that the nerves of the pulp have nothing to do with pressure, and that this must be transmitted along the nerves of the periodontal membrane. The question arises as to how impulses are conducted from the enamel to the membrane. Can it be due purely to the movement of the teeth, as suggested by Noyes, or is there actual conduction by nerve fibres ? The fact that the canines have a higher minimum pressure than the incisors suggests that the former explanation may be correct. On the other hand, the amount of pressure required to obtain a response is so small in some teeth, that it is difficult to believe that this pressure would be sufficient to cause any movement of the teeth. The ability of the teeth to localize also suggests that there must be something more than a purely mechanical movement of the teeth brought into play.
